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* •temperature standard to determine Arthenius parameters for the homogeneous gas
phase thermal 4scomposition of nitrobenzlne (MB), meta-dinitrobensene (m-DN),
para-nitrotoluene (p-NT), ortho-nLitrotoluena (o-WT), and 2,4-dinitrotoluee (2,4i
DNT). In all cases the principal rate-limiting step is the homolysls of the Ar-
N02 bond. The measured Arrhenius parameters for homolysis range from log A -
14.5 to 16.4, and from Ea - 67.0 to 70.0 keal/mol. The bond dissociation ener-
gies derived from the results are 71.4, 73.2, 71.4, 70.2, and 70.6 kcal/mol, res-
pectively, for the above series of compounds.

Compound log k (se.1) BDI(kcal/sol)

nitrobenmene 15.5 * 0.5 - 68.2/ - 1.7/2.3 IT 71.4 + 2.0
mrdinLitro!-enzene 14.5 * 0.5 - 70.0/ * 2.1/2.3 iT 7362 + 2.4

*, p-nitrotoluene 14.9 * 0.5 - 68.2/ * 2.0/2.3 i•T 71.4 + 2.3
o-nitrotoluene 16.4 * 0.6 - 67.0/ * 2.2/2.3 IT 70.2 + 2.5
dinitrotoluens 15.3 * 0.4 - 67.4/ * 1.7/2.3 IT 70.6 + 2.0

For o-NT alone in this series, data suggest the existence of a minor decouposi-
tion pathway whose products have not yet been determined. This could reflect the
onset of the as-yet unelucidated reaction mechanisms that dominate the condensed-
phase reactions of ortho-substituted nitroaromatics.

The LPI•P technique wes also used to assess the role of C-B bond scission in
the very high temperature decomposition of ethylbenuene. Contrary to a recent
suggestion, Initial C-C bond scission wes found to be completely dominant,
even at teuperatures as high as 1500 K. I

Preliminary results for trinitrobensene and trinitrotoluene, Indicate that
decomposition takes place by other pathways than initial phenyl-NO2 bond SCie-
sion, and that the net result Is destruction of at least 50Z of the aromatic
rings. The recently completed olecular-beam mass spectromatrically monitored
LIP system will help to settle this issue by providing for direct, real-time
observation of the initial reaction products for these and other very low-
vapor pressure energetic materials. This will provide an important couple-
ment to the GC/MS monitored LPHP system, which will continue to be useful because
of its ability to quantitate complex product mixtures with a very wide dynamic
detection range.
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ABSTRACT

1ýiser-powered homogeneous pyrolysis (LPHP) has been successfully used

to provide conditions where surface-sensitive substrates can be indirectly

heated by an infrared loser and allowed to react while remote from potent1-

ally catalytic surfaces. The use of the comparative rate technique with

LIHP provides an accurate indirect temperature measurement and has made

practical the extraction of thermal decomposition Arrhenius parameters. A

laser-heated, GC/NS-monitored, stirred-flow reaction cell has been used

I. with cyclohezene as the internal temperature standard to determine Arrheo-

ius parameters for the homoleneous gas phase thermal decomposition of

nitrobenslne (NI), usta-dinitrobensene (a-DNI), para-nitrotoluene (p-NT),

ortho-nitrotoluene (o-NT), and 2,4-dinitrotoluene (2,4-DNT). In all cases

the principal rate-limiting step is the homolysis of the Ar-N02V bond. The

measured Arrhenius parameters for homolysis range from log A - 14.5 to

16.4, and from El - 67.0 to 70.0 kcal/uol. The bond dissociation energies

derived from the results are 71.4, 73.2, 71.4, 70.2, and 70.6 kcal/mol,

respectively, for the above series of compounds.

Compound log k (sec 1 ) BDR(kcal/mol)

nitrobenzens 15.5 * 0.5 - 68.2/ * 1.7/2.3 IT 71.4 + 2.0

a-dinitrobensene 14.5 * 0.5 - 70.0/ * 2.1/2.3 IT 73.2 + 2.4

p-nitrotoluene 14.9 * 0.5 - 68.2/ * 2.0/2L3 71.4 + 2.3

o-nitrotoluene 16.4 * 0.6 - 67.0/ 2.2/2,3 OT 70.2 + 2.5

dinitrotoluene 15.3 * 0.4 - 67.4/ ' 7/2.3 RT 70.6 + 2.0

For o-NT alone in this series, data suggest the xi..,_-mice of i ouinor decon-

position pathway whose products have not yet been deter.Li... 1 11is could

reflect the onset of the as-yet unelucidated reaction mechanisms L i*•. "6,

iatea the condensed-phase reactions of ortho-substituted nitroaromatics.
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The LPHl technique was also used to assess the role of C-2 bond scis-
sion in the very high temperature decomposition of ethylbenzene. Contrary
to a recent suggestion, initial C-C bond scission was found to be completely

dominav-, even at temperatures as high as 1500 L.

Preliminary results for trinitrobensene and trinitrotoluene indicate

Sthat decompos ition takes place by other pathways than initial phenyl-t101

bond scission, and that the net result Is destruction of at least SOX of
the aromatic rings. The recently completed molecular-bem sasse spectromet-
rically monitored LPHP system will help to oettle this issue by providing
f or direct, real-time observation of the initial reaction products for

these and other very low-vapor pressure energetic materials. This will
provide an important complement to the GC/N6 monitored LPHi systeu, which

will continue to be useful because of its ability to quantitate complex

product mixtures with a very wide dynamic detection range.
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DITIODUCTION

For many years, determination of the initial chemical steps in the

decomposition of energetic materials has been a goal that has eluded

researchers* During this project, the laser-powered pyrolysis technique

has been successfully developed and used to study the kinetics and mechan-

lows of the homogeneous decomposition of moderately low volatility, high

surface-sensitivity energetic materials. The following tasks have been

accomplished:

(1) Construction of the second generation heated-flow-
cell/heated-inlet-system, CC-monitorad laser-powered

Shomogenous pyrolysis apparatus (LPUP-2)

S(2) Conversion of the GC detection system to a GC/MS system

S(3) Use of LPHP-2 todetermine the products and Arrhenius
parameters for the gas-phase thermal decomposition of:

-- nitrobensone
- ortho-nitrotoluene

-meta-dinitrobensene

- para-nitrotoluene
-- 2.4-dlnitrotoluens

(4) Use of LPHP-2 to obtain preliminary rate measurements for
the gas-phase thermal decomposition of trinitrobeasene and
trinitrotoluene

(5) Use of LPHP-2 to study othylbensene and help settle a
controversy over the products and mechanism of its very
high temperature decomposition

(6) Design and construction of a molecular-beam mass spectro-
metrically deLected laser pyrolysis system (LPHP-3) that
will detect the initial products directly, without the
need to trap reactive species with scavengers. I

In addition, APOSR funding (now in its first year) has allowed us to ,I

supplement these efforts by a parallel study focusing on nitramines. Thus

far, this work has resulted in the use of LPHP-2 to obtain rate and product
-'p



determination and preliminary Arrhenius parameter measurements for dimeth-

ylnitramine and dimethylnitrosamne, and is currently being used to test

out the newly constructed molecular-beam LPHU-3 system.

Results listed under Items (3) and (5) are briefly summarized In the

next section, and are fully described in published papers, reprints of
which are included as Appendices A and I. The report includes som addi-
tional discussion and comparison of the nitroaromatic decompo&±lon results

with the heated single-pulse shock tube results of Teang. The report also

presents a brief description of the results for dinethylnitramine and the

trinitroaromatic decomposition, as well as a description and discussion of

certain design considerations for the molecular beam LPH? system.
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RESULTS

A. Mono- and Di-Nitro Compounds: Decomposition Via Simple Bond Scission

Laser-povered-homogeuaous pyrolysis (LuHP) 1 has been used to study the
gas-phase thermal decomposition of nitrobensene (NI), m-dinitrobensene

(i-DNB), p-nitrotoluene (p-NT), o-nitrotoluene (o-NT), and 2,4-dinitrotoluene

(2,4-DNT) under conditions where surface-catalyzed reactions are precluded.

These results are described in detail in Appendix A. The Arrhenius param-

stars have been determined by comparative rate measurements relative to

cyclohexena decomposition and the dominant reaction mechanisms have been
established. In all cases, the principal rate-11mit~ing stop is the haomo-

ysls of the Ar-NO2 bond. The measured Arrhenius parameters and the bond

dissociation energies for the C-NO2 have been derived from these results.

Compound los k (ee) BDD(kcal/mol)

nitrobenuene 15.5 * 0.5 - 68.2/ * 1.7/2.3 IT 71.4 + 2.0

m-dinitrobenuene 14.5 * 0.5 - 70.0/ * 2.1/2.3 IT 73.2 + 2.4

p-nitrotoluene 14.9 * 0.5 - 68.2/ * 2.0/2.3 IT 71.4 + 2.3

o-nitrotoluene 16.4 * 0.6 - 67.0/ * 2.2/2.3 IT 70.2 + 2.5

dinitrotoluene 15.3 * 0.4 - 67.4/ * 1.7/2.3 IT 70.6 + 2.0

The description of these results in Appendix A includes some compar-

with the preliminary results obtained by Tsang2 for the three monv-

nitro compounds in the above list using a heated single-pulse shock-tube
(SPST). There are complexities in the nitrotoluene decomposition not dis-

cussed in the short suoMary given above. These complexities are respon-

sible for some of the differences betveen the SRI results obtained with
LPHP and the results obtained by Tsang vith the SPST technique. It is

important to determine the extent to vhich these differences merely

3
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represent experimental scatter in either or both of the methods, end the

extent to which they reflect differing competition between alternative

reaction pathways under somewhat different reaction conditions. To this

end, we have compared the results and outlined below the various differing

experimental factors in the two experimental techniques.

In trying to understand the implications of the differences between

the SPST results and LPP results, it Is important to first understand the

extent of the agreement. The absolute rates determined by the two techni-

ques for nitrobensene are in good agreement, differing only by a factor of

1.7 (AG* at 1200 X - 1.3 keal/sol). Moreover, the measured nitrobensene

Arrhenius parameters (for ku.t) are also very close. The extent of this

agreement can be seen in Figure 1 and Table 1, where the LPHP and SPST

results are compared for each of the three substrates that have so far been

studied by both techniques. The figure offers an immediate visual impres-

iaon of the extent of agreement. However, it does not show that the LPIKP

.% results are lowered by about 0.1 log unit because the bond sciseion reac-

t,',"n was slightly in the falloff under the LPHP conditions, whereas the

SPST rinditions (pressure 3 atm vs. 0.4 atm in .2HP) provided reaction at

the h-I.g pressure limit. This factor is taken into account in Table 1.
Note that the temperature "calibration" of the abscissa (the horizontal

location of the dashed lines) is found by taking the value of v as that
which makes the vertical distances to the appropriate solid lines equal to

the differeaces in the log k values (columns 2 and 8, Table I), correspond-

in& to the actual measured Arrhenius parameters. The value of v (10 0s)

that produced the correspondence is an "average" reaction time and an
"'ffective" rý"action temperature. That this value of v happens to agree

•"a.moet exactly with the normal reaction time that we commonly use and that

"was derived from the time behavior of spatially averaged infrared fluores- 1'
cence measurements indicates that the actual peak temperatures are not far

above the "effi'ctivc" reaction temperatures, i.e., the reaction does not

take place Us . f . fraction of the nominally heated volume at tempera-

tures f4ar higher than the "effective" reaction temperature.

.1,t only are the results for nitrobensene in very good agreement, but

ibb4 zhe total rate. of disappearance of ortho-nitrotoluene (o-NT) are also

04



0.0 _c_ .... .

N02-- NO2

r-3.0
N02

-2.0 b I II ,

S-3.0 N

-3.0 -2.4 -1.8 -1.2 -0.6 0.0
LOG K Tr CYCLOHEXENE

'JA-4814-3A

FIGURE 1 LPHP COMPARATIVE RATE PLOT FOR ArNO2 DECOMPOSITION

Dashed lines a, b, c, correspond to SPST parameters from Tsang.

(a) ortho-nitrotoluene isee footnote a In Table 1).
(b) nitrobenzene

(c) para-nitrotoluene.
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In reasonable agreement, when ye consider that the LPH-derived parameters

reflect a fair mass balance (75%) and the SPST-derived parameters reflect

the recovery of substantially loes (291 to 34% over the experimental tem-

perature range) toluene from the decomposed o-MT. (In both techniques, the

ratio of substrate at time sero to unreacted substrate at time t requited

for calculation of the decomposition rate constant Is provided by the

ratio: (products + unreacted substrate)/(unreacted substrate).) Thus, with

both techniques the total rates of disappearance of o-NT are similar, but

differeat amounts of substrate are lost to the as-yet unknown pathway. The

possible reasons for the different degrees of loss are discussed below.

The most perplexing point of disagreement at this point is the reac-

tion of para-nitrotoluene (p-NT), Whereas the LIE' results show p-ST to

react at - 252 of the rate of ND, the 81ST results show the value to be

about 802 of the nitrobensene rate (corresponding to a discrepancy in

AG*1200 for the two substrates of 2.9 kcal/sol). This disagreement Is very

puzzling in light of the agreement for NH and o-NTj particularly since the

mass balances for p-NT are good with both techniques. That Is, with o-NT

and its evident interaction between the methyl group and the ortho-methyl

substituent, some differences are not surprising. With p-NT, on the other

hand, one would have expected the sme kind of consistency between the two

techniques as was seen for ND itself.

To determine whether the p-NT rate is depressed too much in the LPH?

results, or too little in the SPST results, there are two other comparisons

that may be made within the set of LiPH rate constants reported here. Both

these comparisons involve the decomposition of 2,4-dinitrotoluene, where

there is both an ortho-methyl-substituted and a para-methyl-substituted NO2 .

The first comparison is between the difference between o-NT and p-NT

(and o-NT and NB) absolute rates on the one hand and the difference between
o-NO2 and p-NO2 loss from 2,4-DNT on the other hand. From Table 1, and the
82 yield of o-NT from 2,4-DNT, we have:

Rate of p-NO2 lose from DNT:

A log ko, 1 2 0 0 (o-NT - p-NT) - 4.09 - 2.47 a 1.62

A log k., 1 2 0 0 (o-NT - N) - 4.08 - 3.17 - 0.92

7
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yield p-NT
A log k - (a-NO2 lose - P-'I2 lose) - log yield o-MT/

([100 - 81/0.961
0 lot 1.08

The difference between o- and p-NO2 lose from 2,4-DNT is greater than the

difference between o-NT and NI and less than the difference between o-NT

and p-NT. Taken at face value, these differences suggest either that

p-methyl substitution has a somewhat smaller rate-depressing effect on loss

of N02 from a ring that is already substituted with a second nitro group,

or that the nominal effect of para-methyl substitution shown by the LPP

data for p-NT is indeed somewhat (0.4 to 0.5 log units) too large.

A related comparison Is between the rate of p-NO2 lose from 2,4-DIT

and the rate of loss of onse of the N02 groups in u-Dil.

Rate of P-NO2 los from DVT:

log ko 120 0 (2,4-DNT) - log [Loo29 /. 96 ) 3.02 - 1.08- 1.94

log k, 1 2 0 0 (-DB, per NO2) - 1.75 - Log 2 - 1.45

Here we see that the rate of loss of the p-NO2  is souwhat greater (0.5

units) than the loss rate for a single -NO2 from u-DNB. That is, substitu-

tion of a p-methyl group onto a-Dll actually causes an increase in the loss

rate for the p-NO2 group. Thus the effect of the second N02 group would

appear to be diluted by the presence of a methyl group ortho- to it. Thus

these two attempts to determine whether the effect of p-methyl substitution

on NB is consistent with its effect on u-Dil decomposition indicate that

the two rate-retarding effects are not additive (or that the precision of

rate measurement for the minor pathway in 2,4-DNT decomposition is Insuffi-

cient to make the comparison reliable). In either case, the data now in
hand do not provide a check on the saSnitude of the rate-dpressin8 effect:

of p-methyl substitution. I

8
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Note that the apparent lack of additivity discussed above for two

retarding effects is in contrast to the additivity demonstrated (Appendix A)

for the retarding effect of m-NO2 substitution and the accelerating effect

of o-methyl substitution. The question of the effect of p-methyl substitu-

tion on N5 can be settled by performing competitive decomposition ezperi-

munts with a mixture of NI and p-NO2 (or with a mixture of p-NT and

2,4-DOT, since competitive measurements with 2,4-DT and o-NT have already

been performad).

To help determine the origin of the differences discussed above$ Table 2

lists the reaction conditions provided by the LPH?-2 technique end the

single-pulse shock tube as used by Teang. The principal apparent differ-

ances relate to the different reaction times or dwelJ times and the greater

variations of temperature with time and space in the INN' techniques The

possible effects of these differences are briefly discussed below. The

errors resulting from anticipated temperature-time-space inhomogeseities
are fully discussed in Reference 1, where the development of the technique

is described, and in References 39 where other authors also address the
application of the comparative rate method to a nonisothermal laser
pyrolysis technique, and In reference 4.

The first obvious difference is that in the pulsed-laser LPHP, a total
reaction time similar to the 1 as of the SPST Is obtained by many beatings

.I (typically 30 to 50) of about l0-pis duration each. The initial LPHP cool-

ing rate is >100 K/lO 4s versus < 10 K/10 ps for the SPST. In a situation

where active Intermediates remain hot for only 1/100 of the time that they

do in the SPST, one might expect some differences in the behavior of these

intermediates. However, this difference does not seem to explain the par-

ticular differences seen in the o-NT behavior, because a phenyl radical is
not easily decomposed, and since production of o-methylphenyl radicals by

another route in the SPST leads exclusively to formation of toluene as the

final product. 2 Thus, the greater loss of decomposed o-NT in the SPST is

not easily attributable to some high temperature decomposition pathway for
methyl substituted phenyl radicals, but appears to reflect the fact that

70Z of the reaction under those conditions never involves formation of the

phenyl radicals.

9 .M



Table 2

COMPARISON OF LASER PYROLYSIS AND SHOCK-TUBE REACTION

CONDITIONS FOR NITCOAROKATIC DICOMPOSITION

Parameter LPiP SP Shock Tube

Reaction temperature 1100-1300 K

Reaction time -10 ga -1000 ps
(x 30 pulses)

lath gas C02 Ar

Ptot 300 Tort 3 Ats

Substrate partial - 0.03 Torr -4.1 Torr
pressure

Scavengers used o-fluorotoluene, o-fluorotoluene
cyclopentane cyclopentane

Scavenger partial -5 Torr -30 Tort
pressure

Initial cooling rate > 100 1/10 pa C 10 X/10 Ps

Scavenging conditions 10 p at peat T, -1 ms at peak T
measured over

T range 800-1200 K

Estimated scavenging -2 z 10-3 -2 x 10-4 g
lifetime for phenyl
radicals (with o-F-toluene)

oK

'..'
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The second obvious difference between WLH and 8PST reaction condi-

tions is related to the recognized temperature inhomogeneities in the WIll

technique; these suggest that a significant portion of the reaction takes

place at temperatures somewhat higher than the nouinal peak temperature.

(Note that even if the laser Intensity were constant across the entire

beam, cooling by an axially symseric expansion wave traveling inward from

the periphery of the laser-heated cylinder of gas results in reaction times

ranging from sero at the periphery to the transit time to the axle for mol-

ecules located on the axis, This means that definition of the "average"

reaction time as that transit time will result In a nominal reaction tea-
perature somewhat lower than the actual peak temperature. (In the current
case, this difference amounts to about 50 Ks) /urthermore, any Gaussian

distribution or inhomogeneities in the laser bean may mean that the actual
i peak temperature is even further above the nominal peak temperature* As

"restated above, error analyses 1 ' 3 show that the comparative rate technique

Saccommodates such variations very well, as long as the temperature standard
has a temperature dependence close to that of the substrate, and the frac-

tional reaction of both substances is kept below about 25Z (per pulse, in

the heated son*). However, in the event that decomposition of the unknown
proceeds by two competitive pathways having different temperature depen-

Sdence, then functioning of the WLHP system at temperatures significantly

higher (say 100 to 150 K) than the nominal peak temperature could result in

correct determination of the temperature dependence, but for a somewhat

different branching ratio than would be seen by a 8UST operating in a lower

temperature range. In discussions with Tsang, this was suggested as a pos-

sible explanation because the 5PST mass balance for o-NT increases from 292

at the low end of the temperature range to 341 at the upper end.

The above explanation makes qualitative sense, but seem quantita-

tively unlikely for the following reasons:

(1) The real LPHP temperature range would have to be very much
higher to push the mass balance from 34Z to 702.

(2) The temperature renge covered by each of the two techniques
is already more than 100 K (in the range 1050 to 1250 K).
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(3) The actual LPHP peak temperature cannot exceed about 1500 X
without the production of significant amounts of F atoms
from the infrared absorber (the effects of which are not
seen in any of these experiments).

The above detailed discussion is included in this report because we

assume that delineation of the factors responsible for the differing con-

tributions of the "unspecified" process in these two systems will be an

important clue to the-nature of the process, and to the pathological

behavior 5 of certain nitroaromatics that has mystified chemists for some

time.

However, this discussion should not detract from the central point--

namely, that the LPHP and the SPST results are in substantial agreement on

several aspects of nitroaromatic decomposition. First, the total decompo-

sition rate constants measured in the two systems are very similar for both

nitrobenuene and ortho-nitrotoluene. Second, a substantial portion (70Z

and 30Z, respectively) of the o-NT decomposition has, for the first time,

been shown to take place through a "normal" phenyl-NO2 scission when con-

strained to react In the gas phase in the absence of solid surfaces and con-

densed phases. Third, even under the "surface-free' conditions provided by

each technique, a significant part of the ortho-nitrotoluene reaction (25%

and 70Z, respectively) takes place through an as-yet unspecified process.

B. Trinitro Compounds: Decomposition to Yield Low Molecular

Weight Products

Using as background the measured decomposition pathways and rates of

mono- and dinitrocompounds discussed above, we conducted preliminary studies

• f the decomposition of trinitroaromatics using the GC-monitored laser
pyr.J.vsis system (LPHP-2 described in detail in Appendix A and reference 1).

Preliminary results indicate that the decomposition rate of TNT is similar

to that for o-nitrotoluene. The surprising, =n as ye' ,%iaexplainbJ, r•zult

is that gas-phase decomposition of TNT does not produce any 2,4-DNT, the

12



expected product of loss of one of the ortho-nitro groups folloved by sca-

venging of the 2,4-dinitro radical thus produced.

02 ý *0 - U0 23 (02)

V02 W02 + V02 W52

Lo- molecular Velsht ProducAs (b SOX)

This result applies whether or not a scavenger is present . Not only is DUT

absent, but also there are no products in the boiling point range of either

mono- or dl-nitro compounds. What we do see are products eluting in the

vicinity of C2 or C3 hydrocarbons, and such products account for at least

502 of the decomposed TNT.

Mass spectral Identification of these products has thus far been hind-
ered by limited intensity of the product signals and an interfering back-
ground at low mass arising from the large excess of 516 and C02, which *luts
in the same vicinity. The products might be acetylene derivatives resulting

from destruction of the aromatic ring. These could be produced by high tem-
perature decomposition of adsorbed (and infrared absorbing) materials on the
KCl windows. Experiments are pending to test this and other possibilities,

and thus an extensive discussion is premature, However, because reaction at

(or on) the window surfaces is the one possibility for heterogenous reaction

that the LPHP-2 system does not preclude, that possibility muse always be

kept in mind. Therefore, we consider below so=e factors indicating that
reaction at the window surfaces is uniaportant.

The first f w t' t;.et tnda M make window reactions unimportant is

that reaction times on the order of 10 ps are much shorter than diffusion

times to the reactor windows for all but that portion (- 12) of the reac-

tants in the laser-heated region closest to the windows. In addition, the

windows, because of their lay absorption and high heat capacity, are very
cold compared with the gas phase reaction temperature. Thus, if the bulk of

- the substrate residing in the region swept out by the laser beam is, in
. fact, In the gas phase, then it is probable that the decomposition occurs

entirely in the gas phase. Even if, in the case of a low volatility sub-
strate like TNT, there is an equal amount of substrate residing on the

13



windows as in the gas phase, and even if Its extinction coefficient at 10.6 tim

were high enough to heat it to reaction temperature, good thermal contact

with the bulk KUl would ensure a heat loss rapid enough to prevent reaction

of the adsorbed molecules.

An exception to this Seneralization could occur If a char coating

forms on the KCl surface, which is Il-abeorbing, and furthermore is not in

good thermal contact with the surface. In this event, any substrate

adsorbing on this char could well be heated to temperatures of 2000 K.

Such temperatures could generate acetylene derivatives from many different

organic substrates. To assess the potential importance of this mode of

surface reaction, it is helpful to consider the time dependence of any char

formation on the windows. Our observations support the expectation that

the formation of such carbon deposits. on the windows is an autoacceleratory

process: the bigger the carbon particles are, the more substrate and light

they can adsorb, the longer they stay hot, and the faster they will grow.

In the case of the mono- and dinitro aromatics, there was no problem

with carbon deposits. Such deposits would sometimes form, but only as a

small side-reaction and only after weeks of continuous use of the system;

more importantly, data taken shortly before the laser heating of the carbon

particles became visible to the naked eye showed the same products and

rates as data tiken weeks earlier. Given the autoacceleratory nature of

the carbon formation, th.s strongly suggests that neither set of data was

significantly Influenced by w.irfe'. reactions. In the case of TNT, the

carbon deposits form ure readily thaet wilth the mono- and dinitrotoluenes,

but the exclusive productý,n of light products ti a result that appears,

nevertheless, to be independent of the time remaining before carbce.,, ra-Ua

tion is visible.

A particular characteristic of nitro-phenyl radicAls that could lead

to secondary pyrolysis on the windows is an initial formaciU.6 of lvi,2 vola-

tile products than otherwise expected from an initial phenyl-NO2 scission;

this occurs because of the tendency of the radicals thus formed to add to

the aromatic system of a potential scavenger rather than to abstract benzylic

hydrogens. Literature data6 show that in solution this tendency increases

as the number of NO2 groups on the phenyl ring increases. In the case of

14



TNT, this would result in the Initially formed 2,4-dinitrophenyl radical

adding to toluene to produce a dinitrobiphenyl species.

3 033 00 3

02N • . .. 3

2 2

Whereas TNT ha sufficient volatility to remain largely in the vapor phase
under LIPD-2 conditions, the biphenyl derivative would have substantially

lover volatility. (In the absence of any added scavenger, the initially
. formed radical could add to TNT itself to produce a tetra- or penta-nitro

biphanyl derivative. If these additives were preferentially adsorbed on
the KC1 surfaces Irradiated by the laser rather than on the larger area of

non-window surfaces in the cell), further pyrolysis in subsequent laser
,i•,,pulses could account for the pod yield of light products.

To determine the possible importance of this addition mode of scaveng-
ing, ye used cyclopentane rather than toluene as a scavenger. (No addition
is possible with cyclopentane.) Cyclopentane functions as a scavenger as
indicated below and provides no aromatic system to which a product radical

could add.

2 Aa
NO2 No02

When TNT was pyrolyxed in the presence of a large excess of cyclopentane,

the same low molecular weight products were observed. Thus, radical addi-

tion to scavenger molecules does not appear to account for the absence of

volatile products from the decomposition of TNT. Furthermore, the complete

nben.o .)f heavy products In the presence of a large excess of cylcopentane

w.'., i a ýp to Lale out ony chance that dinitrophenyl radicals add to TNT

t• ',h self-addition ren:c .-q are suggested by the fact that
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condensed-phase TNT decomposition is well known to result in formation of

materials described5a as "explosive coke." This clearly Indicates a

tendency of some Intermediates to undergo addition reactions.

On balance, it does not appear that the failure to @ea products in the

molecular weight range of DUT Is merely a result of our Inability to scav-

enge the Initially formed radical. This conclusion is supported by the

indications (see Appendix) that although o-NT undergoes phenyl-NO2 bond

scisslon, o-NT itself is very near a threshold for a change in reaction

mechanism. Thus$ it Is possible that the initial series of rapid gae-phase

reactions itself result in the destruction of the aromatic ring of TNT and

the formation of low molecular weight products. We addressed the question

of the role of the methyl group In the exclusive formation of low boiling

products by carrying out the decomposition of lg,3,5-trinitrobsneze under

the same conditions used for TNT. Only products boiling in the vicinity of

C-2 and 0-3 hydrocarbons were observed, Indicating that a structure having

the methyl group flanked by two NO2 groups Is not necessary for facile

destruction of the aromatic ring.

In summary', the preliminary results obtained for TNT sad TN3 do not

clearly indicate why there are no products traceable to initial phenyl-N02

scission. Although the considerations discussed above suggest that the
light TNT products are not the result of surface reaction, definitive evi-

dance one way or the other is needed. To answer this question, we tried

raising the cell temperature to the 200-220C limit of the viton o-rings

and covering the laser bea" ports with a second set of i=1 windows to mini-

msse convectional coolinS of the cell windows. These changes resulted in

no change In the TNT results (i.e., no observation of volatile products
having an intact phenyl ring). This does not rule out loss of vapor-phase

products to the walls followed by laser-induced reactions on the window

Lb• surface, but merely indicates that If any such absorption sequence were

taking place, removal of the vapor-phase products from the cell was not

even competitive with lose by adsorption.
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We plan to take additional, more detailed approaches, including

(l)- Using a longer path-length cell and short focal length
mirror to bring the laser beam into the cell, with an
intensity sufficient to cause reaction only at the
beam waist; this will occur in the center of the cell,
remote from the windows.

(2) Using a longer path-length cell and additional KC1 "windows"
inside the cell to test the effect of additional KCl surface.

The behavior of the trinitro compounds emphasizes the value, as a

complementary technique, of a molecular-beam-sampled version of LPHP, where

contact with reactor surfaces is precluded not only during reaction but

also before reaction, after reaction, and during detection.

C Construction of a Mlecular Boas Sap, Inra-B r 11rolysis-I.

Apparatus (LPHP-3)

1. Vacuum System

The molecular beam (MB) laser pyrolysis system is constructed of 304

stainless steel with two differentially pumped chambers plus a beam dump

system, coupled to three oil diffusion pumps, each with Freon-refrigerated

baffle (Figure 2). The two first chambers are each evacuated by a 2400 L/o

(nominal) NRC pump, the beam dump by a 800 L/a CEC pump. The pumps can

be isolated from the chambers by three pneumatic gate valves, automati-

cally activated if overpressure or cooling shutdown is detected. Each pump

has its own foreline mechanical pump; foreline pressures are monitored by

thermocouple gauges. The second differentially pumped chamber contains an

Extranuclear Laboratories 4-324-9 quadrupole mass spectrometer (QMS) with

electron Impact ionization and perpendicular beam axis disposition. The

mass range it .1-50 or 1-400 amu, depending on the high Q-head used, The

position of the q? i-s adjustable from the outside by three screws and a

bellows suspension. , c' curent. can be detected either by a channeltron or

by a simple Faraday cup. The beam dun•p, placed after the QMS, should col-

lect and. trap the residual beam, in order tv decrease the pressure in the

QMS chamber. The entire pumping system can be degassed by heating up to

200"C. The chamber pressures are monitored with one ion gauge and one

II
thermocouple gauge per chamber, with a fourth ion gauge above the baffle of
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pump No. 2 (QMS chamber). The ultimate pressure (with no beau) is on the

order of 2-3 x 10-8 torr in each chamber. The system has been designed to

operate with generating pressures up to 100 torr in the flow cell when

equipped with a nozzle with a 200-psorifice.

2. Flow Cell Operation and HS generation

A skimmer (electroformed nickel, Beam Dynamics, Minneapolis, MN) with
2 0 0-i. diameter at the throat is used as the supersonic divergent nostle,

with exponential expansion walls. The classical skimmer extracting the

central portion of the beam has an input diameter of 200 •=. Both the noz-

zle and the skimmer have attack edges of les than 5-ý&m thickness. The

distance between the nozzle and the skimer entries can be varied from a

few millimeters up to 20 as by external adjustment of a micrometer screw.

The nozzle to ionizer distance is 21 cm. Because of the necessity to maui-

tain free access to the laser-heted region in front of the nozzle, this

region could not readily be used as a chamber for the first stage of dif-

ferential pumping. This necessitated a first chamber of some 10-cm thick-

ness, and together with the cross-axis orientation of the quadrupole (needed to

avoid deposition of low vapor pressure materials on the quadrupole rode),

di;tated the total source to ionizer distance. As a consequence, the vacuum

system was designod for maximum flexibility and to achieve low background.

For instance, should it be desirable, the third chamber, now designated as

the beam dump, can be used to provide a separately pumped chamber for the

quadrupole and/or to provide for axial placement of the quadrupole head.

The flow cell is a machined alumiWA block gas mixing chamber, where

SF 6 , buffer gas, and active material are mixed just before the nozzle.

Figure 3 is a schematic drawing of the flow cell; figures 4 and 5 are pho-

tographs of the vacuum chamber with the flow cell separated from the front

plate by several inches, revealing the nozzle; and Figure 6 is a photograph

of the front plate of the vacuum chamber with the nossle and its mounting

plate removed, revealing the movable skimmer behind it. The cell tempera-

ture can be maintained constant to within + 0.3%, so as to maintain a con-

stant vapor pressure of nitramine or other substrata. The present limit on

the flow cell temperature is set by use of viton o-rings, but this can be
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FIGURE 4 LPHP-3 VACUUM SYSTEM WITH DISMOUNTED FLOW CELL
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FIGURES5 CLOSEUP OF NOZZLE AND DISMOUNTED FLOW CELL
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Increased by the use of other materials if desirable. The cell is designed

to operate at flow rates that ensure complete renewal of the gaseous reac-

tion mixture before the next laser heating pulse.

SF6 and the buffor eas are premixed from comercial cylinders at known

partial pressures by controlling pressure and flow using conventional tech-

niques in a vacu. manifold connected to the flow cell. The pressure is

reduced from 5 psi& to 100 torr by an additional pressure regulator, and
about 90% of the flow called the dilution flow is allowed to enter the

heated flow cell directly. About 102 of the flow is diverted before the

pressure drop to 100 torr; after separate pressure drop to 100 torr and flow
Sumeasurement, this secondary flow is conducted through a glass tube contain-

in& the active substance (362, etas, sample flow). This "reservoir" tube

extends into the heated flow call through an o-ring-sealed Cajon fitting.

In this manner, small amounts of the active, low vapor pressure substrates

are Injected into the main, or dilution, flow. The position of the inject-

ing orifice can be adjusted so that mixing of the sample and dilution flows

takes place just in front of the laser-irradiated region or several centi-

seters upstream. In the former case, the substrate in the narrow conical

portion of the laser-heated cylinder that is expanded into the nasale will

not have contacted any metal surfaces, either before or after the laser pulse.

The laser beau irradiates the reaction mixture as close as possible to

the nozzle, so that the expansion wave generated by the laser heating pushes

the gas inside of the expanding nozzle. Thus, a few i1s after the laser pulse,

the mixture is frozen by the adiabetic expansion, and radicals formed in the
early process of decomposition are transported, without undergoing collision,

tot he QiS in loss than a m.
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SWIMY

Laser-powered homogenous pyrolysis has been successfully uses to pro-

vide conditions where surface-sensitive and strongly adsorbing substrates

can be indirectly heated by an infrared laser and allowed to react while

remote frou potentially catalytic surfaces. Purthermore, the use of inter-

nal temperature standards allows the "effective" reaction temperature to be

defined such that accurate Arrhanius parameters for the homogeneous gas-phase

decomposition can be determined. Application of the technique to the decor-

position of the mono-, di-, and tri-nitro bensenes has allowed the determin-

ation of the Arrhanius parameters for the respective phenyl-NO2 bond scis-
slion reactions, even in the case of two ortho-methyl substituted nitroben-
zones (ortho-nitrotoluene and 2,4-dinitrobensene). All previous attempts to

determine the homogeneous gas-phase decomposition pathways for these nitro-

benuenes had failed apparently because of their proclivity for surface-

catalysed processes.

The homogenous gas-phase decomposition behavior of the mono-nitroben-

zones has turned out to be loss simple than anticipatedi The effect of an

ortho-methyl group is sufficient not only to significantly accelerate the

expected loss of an adjacent -KO2 group, but also to open up a now reaction

pathway. Thus, even under "truly" homogeneous gas-phase reaction condi-

tions, a minor fraction of the reaction proceeds through a pathway that does

not produce the o-methylphenyl radical expected from phanyl-NO2 bond scis-

sion. In general agreement with these results are preliminary results

obtained by Tsang in a heated single-pulse shock tube, although the exact

rates and the fraction of reaction proceeding by the "abnormal" decomposi-

tion are somewhat different. We anticipate that determination of the fac-
tors affecting the amount of abnormal reaction observed will provide a valu-

able key to understanding the decomposition pathways in functioning nitro-

aromatic explosives.
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Preliminary studies of trinitrotoluene and trinitrobensene exhibit what

may be an extension of the behavior of ortho-nitrotoluene, in that no pro-

ducts reflecting initial phenyl-NO2 bond scission could be detected, and

substantial amounts of low molecular weight gases wvoe obeerved. There are

indications that this fragmentation of the aromatic ring is actually a homo-

8eneous as-phase reaction; however, experimental results do not at this

point allow us to rule out formation, from the tri-nitro aromatics, of

intermediate addition compounds having too low a vapor pressure to escape

from the cell. Adsorption of these materials on the inner surfaces of the

KCI window. could then result in pyrolysis of the adsorbed materials at tem-

peratures high enough to cause fragmentation of any aromatic ring.

The recently completed molecular-bean mass-spectrometrically monitored

version of Lurn (LPiP-3) is expected to be particularly valuable in clarify-Sing this behavior of the tri-nitroarouatics an• other energetic materials of

very-low vapor pressure. The capabilit- I.ect, real-time observation

of the initial fragments will be highly atary to the QC/bS-monitored

LPIP-1 that is limited to analysis of a sicawnged product mixture, but whose

capability to quantitate complex reaction mixtures with an extremely wide

dynamic range sakes it well-suited to the measurement of rate parameters

over a wide temperature range. We are currently testing out the LPIH-3

system; we are also adding to the original pulsed laser heating source a cw

laser-heating capability that will facilitate separation of chemical reac-

tion effects from the gas-dynamic heating effects and will also substanti-

ally increase the duty cycle of the eystem.

In summary, the LPIH technique, as already embodied in the well-mixed-

reactor, GC/MS-monitored version, has provided rate and mechanistic informa-

tion on the homogeneous gas-phase decomposition of moderate molecular veight,

low vapor-pressure, surface-sensitive nitroaromatics that was not previously

available from other techniques. Use of the recently completed LPHP-3 will

make Identification of initial decomposition products more direct and also

extend the capability to materials of substantially lower vapor pressures.

Together these techniques will help provide an information base of the

intrinsic decomposition behavior of energetic materials that is necessary

for understanding the chemical factors that control the decomposition of
.. functioning condensed-phase energetic materials.
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measured activation inmergy) and that the erro in t: tereIempt p.NT` 48i . 78d .
(A factoir) will be gives by (I - (5/I301 loe (r Wh@-NT' 15.96*0,5 65.5 *b 2.0
1, and 52 are tirt greatly different. this am~w 2,*DNTO 15.2 A 0.4 6.6.
For eample, when 1,/I92 -0.9, even a tenfold erro in 1,.0 VAll N96 15.26*0.4 67.2 ih 1.5
result In an ermo In klo A,ý of only 0. 1 l units. This Is in acodRate parameters for tWta rate of Air--NO disaueranm; the dit.
with the error analyses for the comparative rate technique as fia W ewee these atlues and those for bond echlason only Is exper-
applied to the slngle-puse shock tabe."J Ismeaily Idislgloscat (i.e., A Wle A S 0.04). b Rate parmamters for

The comparative rate technique is slimilarly accommodating AMH formatuon oly.
with respect to varlatlous of temperature with time and sce
within the laser-heated volume. Under the conditions de=ie To choose the optimum amount of scaveng ersvral runs were
above, and when the activation energy of the standard is within mae& in the presence of o-fluorotouee or cyclopentane up to a
-5 kcal/mol of the unknown, and when the fractional decorm- 400/1 ratio to the nitroairomatlo concentration. When ratioe
position of both unknown and standard are maintained below greater than 10/1 were used, the system did amt show any change
'-20% per Mho in the laeer-heated volum..a ero aeyes""an in thaemio aeo in the producot distribution. A ratio greater
tests with "dummy* unknowns hae" shown$ that the systematic thanJ100/1twasusually used. fliure 3 shows acomparative rate
err or Is low than -I kcal/mol, Irrespective of the range of the plot tar 2,4-DNT desompoeltion wli4a o-fluorotoluene or oyclo-
temperature variations. In otheir words, for suitably matched pstam as this radical scavsnue Ilhustrating that the rate constants
unknown and temperature standard, temperature variations will are independent of the Identity of the scavenger.

be raced er siilalyby the unknown and the standard. In Although email flow varlaticuw and low fractionaldeopstn
the limit of exact Arrhenius parameter match, of course, there make an exact mans balance difficult to establish, In only on* case
will be no systematic e,.ai.. did the aumt of all detected prdut leave more than 5-8% of the

Cyclohoeune wus chosen as the temperature standard because decomposed starting material unaccounted for. This was for
ofIts very well-known kinetic parameters, the stable products it o-nltrotoluens, where the mass balance ranged botwean 75 and

forms, and also because Its activation esnergy was close to the 80%. Figure 3 shows a comiparatives rate plat for 2,4-dinltrotoluene
expected activation eneries for the nitrocompounds. that Is based on starting material disappearance and product

appearance, illustrating the good mass balance.
cyclhexee ehylee+ utadeneThe comparative rate data plots for the decomposition of ni-

log k (a-') - (15.15 - 66.6)/2.3RT toeeetoform benzene (75-80% yield based on the NB
decomposed) and phenol (20-25%), o. and p-nitrotoluane to form

In all the experiments the products hae" been Identified by using toluene (70-95%) and o- and p-arred, respectively (7-8%). 2.4-
a OC equipped with a mans-selective detector (Hewlett Packard dinitrotoluene to form p-nitrotoluena and small amounts of o-
5180 A and 5970 A) and the average concentrations of reactant nitrotoluene (8%), and ns-dinltrobenaene to form nitt-obenzene
and product. were measured gas chromatographically by using and small amounts of benzene are all shown In Figure 4.
a flame ionization detector. The Arrhenius parameters (k") are obtained from the data

Resint Fgure 4by using the comparative rate expression shown aboveRmwt (o 11. Snce nde th prsentconitins p -320--375 torr
For all of the nitroaromatics studied here the principal reaction and T' - 1100-1250 K). the cyclohexene decomposition ig very

pathway, as will be seen, Involved scission of Ar-NO2 bond to slightly In the falloff (k,.m/k. - 0.96-0.99), the temperature
form, after radical scavenging, the corresponding Ar-H. Initial dependence does not correspond exactly' to the high-pressure
experiments, conducted without a radical scavenger, showed several Arrhaniuas parameters. In order to determine the temperature
secondary products in small amounts, so that the u= of a scavengr dependence of cyclohexene at this degree of falloff. we performed
to react with the radicals formed in the first step was necessary. a RRKM calculation using a collision efficiency of 0 - 0. 1-0.09

__________________________________________ and a transition-state. model in which the motion or the speprating
(10) (a) Tuans,. Ji. Chem. Phys. 1%64,40,117 1. (b) Tuns, gW.J).Ihbd. fragment~s are treated as loosened vibration,, rFrom this we derived

11114, 41, 2487, (a) Tuang, W. J.JA Phys. Chemn. IM72 76, 143. (d) Teung,
W. J. Ibid. 11967, 46, 2817. log kU.~.IcH (s-1) - (14.9 - 65.5)/2.3,R7' 6.

(11) Dal, H.-L.; Specht. E.; Berman. M. R.; Momr. C. B.)J. Chgem. Phys. Teeprmtr hnculdt h lp n necp eie
IN&2 77. "9,4. heprmtrwhnculdtth lpaninectdrvd
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TAJUIZt M z~ma 1Pmm m 2010=11 10sat of F21114 0 kW NNW, U 11
end Hl*oemn Pamin. hr sa he . .1esy of d Ar-NO3

&deved high-pminre a RRInI ON W IA., lo 10.3 go&7

eampi log As 5, k/k. log A. SM.~fAt.?5U
NS '13.2 36 0.4 67.2 6 1.S 0.84 15.5 * 0.5 68.2 A 1.7 .
1,3-DNB 14.5 ah 0.5 70.0 * 2.1 (1) 14,5 A 0.5 70.0 de 2.1
p.NT 14.11 ih 0.5 67.81* 2.0 0.9 14.9 di 0.5 68.2 A 2.0
*.NT 15.9 d 0U 615. di 2.0 0.75 16.4 *t 0.6 67.0 A 2.2
2,4.DNT 18.2 de 0.4 67.0 * 11.21 0.9 15.3 * 0.4 67.4 do 1.7

frm the relative rate aapo ieu h M n oAfrte3

To obtain tde bl* ~peure parameters, the experimental k..

model ~ 5j fo te rnstin tte s literature vibrationalw
signuments for altrobenune."3 In this model thes modes o h i
traisidtio. #ate ares take. oathe vibration and rotations of the N03
and phettyl fragments. The external rotation about the HO%-Ph
axis is taken as active, and the other two external rotations are
taken as adiabatic In the molecule. The internal rotation about I I Ithe NOg-Ph axis is free In the transition state, and the other 2.06
intaimal rotations of the pbenyl anid NO2 f~ragments are taken as 1.9 1 .... . .
*mtrijte frm rotation at the Pb-N0h distance of the critical ?AS aid L2 an L84 onU
configuration. The dere of restriction is amounted for by the 11T X 1o4
hindrance parametW"z which ranged from 0.9 to 0.95, which HgS L. LPH? rate ceasants and RRXM fittia for nltrobenasne.decrease the entropy of the internal roation by decreasin the
effective moment of inertia of the roto. A tsxpnpatune-inde.0.
reults are presented In Tables 11 end III (virtually adetcal

the nitrobernene parameters that resulted from Increasing 0 to
0. 15 were negligible, mainly becaus the system Is very close to I
the hlgh-preesure limit.

For each compound, we found the high-pressure parameters
that best reproduced our experimental rate constants In the fol- -
lowing way: we arbitrarily ohme sets of A factors rangin fromn
our A experimental to log A a '17.0 at 0.5 log unit increments,
(the high-pressure A factor was actually not constaitt, but was -.44
allowed to deoese by log A se0. 1 from I 100to 12SO KIn order
to match experimental curtvature in log kc vs. r. This corerspounds______
to a slightly temperature-dependent value of the hindrance pa. -30 t
rameter.'2 We then adjusted ff. to fit our experimenttal rate LOG -2. .1. -1Y2L-0.6I0.
constant at 11O00and 1250 K oxctly. Unlessethe exactlyocorrect
A fatctors were by chance among those chceen Initially, this re- 11flm & Effect of N03 addition on nitrobensie decomostiction.
quired slightly different values of R. at 1100 and 1250 K for each
A factor. The beat In the Initially selected set of log A values wall suggested In the literature do not take place as homogeneous
that which allowed the experimental k to be fit exactly with gas-phase reactions:
a minimum difference In E. at I1100 anXrI 250 K. We made the ANw r 0 1final adjustment by taking an E. that Is a weighted average ofArO Ar+NO()
the *t.;. of values bracketing the correct E, (i.e., the *mlnlmum Ar. + SH -. ArM + S. (IS)
differsaice" E, set), and with It obtained the high-pressure pa. In order to determine whether reaction I is reversible (-1) underrameters that exactly reproduce the k,.w experimental itt 11, the LPHP conditions, and to determine whether the observedThe question of the uniquenes of the rate parameters and the peo n rslfrainrsl rmrcmialno h O
sensitivity or the fit Is addressed by the Arrhenius piot In Figure at the oxygen (-I') followed by reactions 4 and 5 or by an In-5. The solid line Is a plot of k.,1(N3.,, 1) and also represents tramolecular rearrangement reaction 3, the decomposition ofalmost exactly the RRKM calculated k.A values obtained for lo nltrobenzenc was studied in the presence of added NO2.A.. m 15.5 (15.4 at 1250 K and E. - 68.2. For comparison, the
dashed km,, values were calculated for log A. a 16.2 (16.1 at 1250 Ar. + N02 - Ar-ONO H-I)
K). The upper solid line represents k. for the fitted parameters,
illustrating the extent of falloff observed under theme conditions. ArNOz - MAONO (3)

The above results provide convincing evidence that the ho-.~ rigAO +N 4
mogeneous gas-phase thermal decomposition of the aromatic ArONO r +N(4
nitrocompounds in the presence of rudical scavenger SH- proceeds

*by initial homolysis or the C-NO2 bond. th~e weakest in each of ArO. + SH -' A rOH + S. (5)
the respectlive substratae, and that the complex intramnolacular 3teps Addition of NO7 at ratios up to 50/ I N0 2/N B did not affect

_____________________________________________ either the product distribution or the rate parameters, as is shown
0 2) Smith, 0. P.; Goldent. D. M. let. J. Chemn. KWim. IM 10, 489 in Figure 6. It Is clear. therefore, that under the conditions of
0 3) Green. J. H. S., Harriama. D. I. SPeIMinAhm. Me: Peoi A 1970, 26A4 thene experiments no Ar- returns either to ArNO3 (- I) or to1925. ArONO (-I'), and all observed phenol formation must bti the
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TABLE Sb Hlib-hoessine Antenbele Parameters ler Au-NO2 Hoeseilysl aul Dorltysi SIX Vets. ad No". RoelleeubnIussa muesees
BDDE, 'Aeob lIn Ar'? 1le

compil lag A, C' 9I., heal/mil lael/mol csl/(mal 90 Cr' koll/mol
ND 15.5 11110.5 68.2 A 1.7 71.46i2.0 45.5 .4 11110.5 1.1
1,3-DNB 14.5 31110.5 70.036 2.1 73.0 A 2.4 42.3 2.4 A 0.5 1.1
p-NT 14.9 A 0.5 68.2 A 2.0 721.4 & 2.3 42.11 0.7 A U. 1.1
o-NT 16.4 * 0.6 67.0 ih 2.2 70.2 di 2.5 49.6 8.7 oh 0.6 1.1
2.4-DNT 15.36a0.4 67.4 * 1.7 70.6 A 2.0 42.8 3.7 * 0.4 1.1

4 Musa'. b For the msak of consistency, the l~ owe ned scisrion A factors bave been taken to Imply lower oveall1 entropy decrease for dissociation.
This meslts In a oompensation effect, making all log A, similar. '1, is for recombination described In concentration units.

TABLE IV: gfees t Uidtuet absolute rates of o-NT decompiosition are very similar, the yield
log k. ABDF1of toluene in the heated shock tube is apparenl y substantially leess

lomp (110 AIDE ka/d Algk ca(A0 5),' than the 70-75% obeerved In the LPHP system, and no other
NB1.00K) (0l/no Al0) (0)/uo products are dstiectiedby theOGC. Tests byTuangto determine

NI 193 () (0 (0)whether the shortage of gaa..phase Products teflects a diffierences
in-DINI 0.59 +11.8 -1.34 +6.7 In the Initial a-NT decomsposition reaotion or a difference in thep-NT 1.32 0 -0.61 +311
o-NT 3.03 -1.2 1.10 -5.5 scavenging of the initially formed radical have not yet provided
2,4-ONT 1.91, -0.1' -0.02 +011 a conolualv answer. but a po mass balancoe of the expected

The5 vaues re akenfro th R~dfitl~.fh~.~ed products Is observed with p-NT.
'Thoe vlue ar taen romtheRRK fltftof he easred The Idesitfloatlon of the toluene we report In 70-75% yield Israte constants, sand differ slightly from the "raw" data plotted in Figure certain: the retention time is coinciidet with (i.e., varIes 0.005 3

1.1 -(lo 1 ).34 a 1.0 ."Predicted leg k(1 00 4-DNT) m . u 1.2 a+06 min from) that of authentic toluene spiked Into the product
1.101.3- 169.Preictd ADI(24.DT) 1.-1.- +.6, mixture, asid the mess spectrum of thatOCC peak confirms It as

result of an intramolecular process 3. This does not Imply tha toluene. Cyclboheztrlene Is a possible product, particularly since
under no conditions can phWformatio result fro pbayI-NO2  ESR studies have 1 p4ilatd,, In condensed-phias decomposItIon,

formation Ora WAWwith five Protons hewng
recICmIIbimatioa thes reslts only show that It doss no ut totender atesuha wosi beam couplid~ n g~~
LPHP cond~tons, where the ratios of scavenger to pbenyl radicals tof "andIitial deniterpey radicl as woulnbe rod cbyclrexarrageentl
and scavenger radicals tci phenyl radilcas are so large that NO,2 fa ntaldnvpey radical. tn th presnt wrkcyclohearee srldoutriby a
is consumed either by abstracting hydrogen from the scavenger retenioa.n time difresnce wofk 0.35mmventhiogh as anle Isouter
or by oxidizing the scavengelr radicals, but not by oxidizing the ofetoeneio Itim dismass ofe0tr5sminlovalyhsimilar. nsoe
phenyl radicals (reactions -1' and 4). of tladdition tos ag ereementron absomlut atstere.ssm

The high-pressure rate parameters associated with reation I Inaddlition' agreement bewen abolur e resutes, fo er e IsN sndome

o arine nege o rN 2adteAra sprmtr o of Tuang, In that our 70-75% yield of toluene Is poorer than the

the recombination reaction at 1100 K have been calculated, as- 09%osre o l h te ot-N2suid eadw
sumning an unhindered Gorin model'2 for the trnito stats (as were not able, by varying pyrolysis conditions (e.g., laser beam
above), and are also shown In that table. The IDE we have Intensity, scavenger Identity, pressure, etc.), to raise the yield
obtained for nltrobeonzone (71.4 koal/mol) Is in vey goo eodd5 f h -Tdcniul. nte urlawtagremet wth he alu of71. kol/ml sleced y M~ilen p-NT and 2.4.DNT, which has the game c-methyl relationshipagremnt it th vlueof71. kal/olselctd b M~ilen with oneof Its NOgroups, our mass balance awu90%or bettor,ad Goldna~s From the IDE values for the rmnoval of the NO2  and there was not vno a hint of a tendency to undergo a reaction

form tion,"n 24dn'rtovn n thei heats offomtoofC -P .CHPbNO other than Ar-NO2 scission (or ArOH formation).
a Ie detrmi' to be 70.9 and 7 1.1 keal/mol, using the thermo- In light of this puzzling behavior of o-NT, It may he useful to

dynamic relationship AHfa~e(Ph) a AH~*2 (Ph-NO2) + IDE- examine the observed effects of methyl and NO2 substitution on
(Ph-O2)- 4r~,(N~). he ateparmneeraassciaed ith the Ar-NO2 homolysis kinetics. The DDE values In Table 1, ats

the reaction of nitrobenzene forming NO (i.e., nitric oxide) and discussed above, are based upon the measured values for the
phenol have bendtermined as log k.. (0) w(14.3 & .0 - (65.5 temperature dependence, taken at face value. The stated error
si 5)/2.3RT. limits ane random erro limits (one standard deviation). determined

largely by the scatter In the comparative rate plotw rho data
D miacesao provide no frm basis for choosing either activation energies or

We hve areull chsena st ornitoarmatc cmponds absolute rates as thes preferred indicator or relative SIDE values.
t ehat e allows us l tohde ermne th sefet or methyl andNO2 subpund Given random error limits and the well-known susceptibility ofthatallws s t deermne he efec ofmotyl nd O, ub. Arrhanlus plots to unforeseen systematic errors, the signIficantstitution on their kinetic behavior. As described above, In all case point is that the measured absolute rates reflect substituent effects

the principal initial step Is Ar-NO 2 bond scission. The effects that are additive and thus would seem to constitute a set of very
of the various substitution on the rate of this step are compared self-consistent dats. That is, the effect on decomposition rate of
In Table IV. These effects are clearly quite self-consistent and a rn-NO 2 sube'ituent Is the game on going from NB to m.DNB
appear to he additive. This can be men by summing the observed a ti ngon rmaN o ,-N Tbe V.Byn h
telog k values for the ANB , and c h-,and Nbot -and -T opeict self-consistency in absolute rates, there are certain trends in the

mthe lo k valiue for the agreemen whiche hsbthe apre-NOctad and data that suggest the least-squares Intercepts and slopes correctly
-methlsurebaustItuesentialThexagreet. Simtweeny the predited ooand indicate, in most case, whether the measured rate constants

measredvales s esentall exct. imiarl, te rae cnstnti differences are due to activation energy or A factor differences.
reported here for NB (forming benzene and phenol) are In very Examination of the rate parameters we have obtained for the
good agreement with those recently measured by Tsang in a heated nitroaromatics (Tables IlI and IV) suggests that the changes in

~inge-p~aeshoc tue,"logk (r) -(154 - 6.0/2.RT. the rate constants reflect mainly A factor changes. Thus the high
For c-NT, on the other hand, preliminary results or Tsung are value for c-NT presumably arises from the greater decreases In ,

in sme dsagremet wih thse reseted ere Altoughthe the barrier to internal rotation or the methyl and NO2 groups and .'
__________________________________________ from some relief of angle strain as the NO2 departs, as compared

(14) Lenchliz. C.: Velicky. R. W.; Slkvesiro G.; Schimeberg. L. P. J. CAEm,, with the reaction of nitrobenzene itself or with p-NT. The lower
TA,,smodynf. 2971, J. 659. rates for m-DNB and 2,4..DNT are associated with slightly higher

(IS) Tsan,ig W., priv~ate communication. BDE values (and activation energies) and substantially lower A
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fatr.Although a ilighijy tighter transition state (lower A rate-limiting step when an o-mothyi group is present, the methyl
factor) would be expected with a stronger boad, the larg apparent group clearly lives a substantial *push" to the departing NO 2I drop In the A factors cannot be rationalized on that basis alone, group. This would seem to be a situation In which some outside
An observed a log A - 1.0 in going from NO to m-DNO could influence (e.g., contact with solid surfaces or condensed phases)
be easily ascribed to random eorrr in the Arrhenius parameters, could trigger some reaction in which one of the hydrogens of the
were it not for the ract that this A factor drop as almost exactly methyl group 'pushes* all the way into the nitro, group. ultimately
duplicated in going fronm a.NT to 2,4-DNT. A possible ration. transferring a hiydrogen to the nitrogen. In other words. the
alization lies in the fact that a second NO, meta to the first present results indicating Ph-NO, bond scission substantially
decrease the importance of C-N double-bonded resonance accelerated by an o-methyl group show that the strong methyl--
structures Involving any one of the NO, groups. NO2 Interaction has not, for an isolated Ar-NO, molecule, yet

- - reached the threshold for some different reaction. However, It
may be that the extent or *oudW Interferences necessary to bring
about such a change in o-nltrotoiuenes Is not very great. The

netesof this thresholdi =oul be responsible both for the missingV6 6productis in the shock tubs decomposition's and for the anomaloua
behavior of nitrotoluenes reported in the llterature.2Z4S7 The

0'present results, however, demonstrate that thene anomalou effects
Oý 0O%,,,,.. O .. account, at most, for 25% of the decomposition of nitrotoluens

I ~isolated gsa-phase molecules at temperatures in the range of
900-1000 *C, and that additonal factors must he brought intoAC~.~0- 0_T payi rdrt oe p e rato channel ta a comnpete
with homelysia of the Ar-NO2 bond. Having made this deter.II+ mintation for mono- and dialtrololuenes, the question of whether

D the decomposition of Isolated trinitrotoluene molecules also prol-
This9n~blitlos will decrease ans amofthe -NO, groPs departs, needs by C-NO, bond scission Is now being addressed in our
allowing more contribution of a C-N doubloe-I'u tutr o laboratory. Once the behavior of isolated gas-phase molecules
the remaining -NO1 grop. This will re-Wut in an Increase in the is characterized also for trinitrotoluene, then the question of
barrier to Internal rotation and a consi'zre,,tt decrease in the A intermolecular interactions that bear on the functioning and
factor becuse of the lower rotational entropy of the transition malfunctioning of these and similar energetic materials can be
state. (1t should be noted that the lower bood-scission A factors addressed.
In Table 111, hae" been taken to Imply lower overall entropy, The effects of methyl and NO1 substitution on phonyl-N0 2incroeae for dissociation. This reults In a, *ompensation* suoh bond cleavag (Table MV can be summarized, In terms of the effect
that all recoin bnatlon A factors are simillar (i.e., 100- ds 0.2),) on the activatloa-energy-bssed, ODE values on the free energy of

In the case of p-NT. the decrease in rate of decomiposition (sactivation. The latter approximates the change in ODE if all A
compared to NO) is suggested by the Arrheniua parameters to factors were assumad to be equal: (a) no-NO, substitution In-
bet due entirely to a lower A factor. In contrast, we would have crease the plienyl-NO2 DDE by 2 keal/moI and AGO by 6.7
expected similar A factors for p-NT and NB (since the methyl kcal/mol, (b -Me substitution (where there is no staine effect)
in the pars position should have little impact on relief of strain), does not show any effect on the activation-energy-based phe-
and we would have expected the decrease in rate with pimethyl nyl-N01 ODE, but slows the bond scission rate by a factor of S

subtiutin o esut ro a lihtstrengthening of the Ar-NO2  (and therefore raise AGO by 3,1 knel/mol; (c) for c-Me sub-
bond, rationalizable in terms of inductive stabilization of con- stitution, any electronic effect is overwhelmed by a static effx;"t.
tributing structures that contain a C-N double bond. In fact, resulting In a net decrease in ODE of I kcal/mol and a sub.-
however, the activation-energy-based DDE for p-NT Is the same stantially higher A factor: (d) when the molecule has both rn-NO2
as for a-NT (though a DDE difference sufficient to cause the and o-Me substitution, the bond-strengthening and bond-weak-
observed rate differences would be, at -'3.3 kcal/mci. easily within enings effects roughly cancel.
combined standard deviations for the two activation energies) and
the rate difference is reflected in a lower A factor. Ackrtiowedgrmwnt. We acknowledge the support of this work

The important point is that the rate difference between PINT by the U.S. Army Research Office, Contract No. DAAG29. B2-
and &-NT (where iii the absence of steri effects we would expect K-0169. We appreciate helpful discussions with W. Tsang and
little electronic effect) amounts to a difference in free energy of the commrunication of his results prior to publication.
activatio-' of 9 kcal/mol. Thus, even though our results demon- Registry No. NB, 98-95-3; rn-DNO, 99-65-0; p-NT, 99-99-0; o-NT.
strate that phenyl-NO2 bonds scission remains the principal 88-72-2; 2.4-I)NT, 121-14-2; 1,3-ONT, 99-65-0; N03, 10102-44-0.
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ABSTRACT

The mechanism of the thermal decomposition of ethylbenuene hea been

studied in the temperature range of 1200-1600 K, using laser powered homo-

geneous pyrolysie. OC/HS analysis shows the final products to consist of

toluenes benzene and small smounts of styrene. These products require the

conclusion that the rate determining step is the homolysts of the weakest

C-C bond in the molecule, producing methyl and bensyl radical, even at tem-

peratures above 1200 K where recent shoak tube results 1 had been used to

claim Initial C-H bond homolysis. The initial homolysis is followed by the

reactions with the radical scavenger, and the only styrene formed is that

which results from rapid f-atome chain that result in turn from Incomplete

scavenging of the methyl and bensyl radicals:

CR-CH3  OC82' + CR3  (1)

OCH2 " +SH BE CH3 + S* (2)

CH3" + BE ¼ CH + S" (3)

•Cc 3 + OCH 2 -CH3 t CR4 + OCH-CR3  (4)

OCR-CH 3 • OCHCH2 + H (5)

H + OCR2 CH3 R 12 +10CH-CH 3 (6)



INTRDDUCTION

There are several studies that have reported the mechanism and the

Arrhenius parameters for the thermal decomposition of ethylbensene between

850 and 1100 K. Among these, Leigh end Szuarc, 1 Clark and Price, 2 and

Crown* at &l. 3 used toluene carrier methods, Kerr and coworkers4 used an

aniline carrier technique, and Robaugh and Stein5 used the very low-pres-

sure pyrolysis technique. Despite small differences in the rate param-

sters, there is general agreement that the reaction mechanism involves, as

the first stop the breaking of the C-C bond (the most thermodynamically

favored bond homolysis in the molecule) to form benzyl and methyl radicals.

0 C12C3 + 4 2 + CR3  (1)

OCR2 + Su + OCH3 + S (2)

CH3 + SR *CH 4  + S (3)

Recently Brouwer, Huller-Markgraf and Troe 6 have reported ethylbenasne

decomposition in the temperature range of 1250-1600 K in a shock tube.

Based on the observation of the UV spectra of the primary products as well

as on the formation of styrene as the only final product, they conclude

that the primary decomposition stop must be a C-H bond split in the ethyl

2
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group with high-pressure Arrhenius parameters of 1017.1 s-1 and 81.3

kcal/mol.

""CW2CH3  + + CRCR3  (+')

Since C-U bond homolyses in general are not competitive with C-C bond

homolyses at more moderate temperatures, the rate parameters of any of the
former class of reactions, with one recent exception, 7 have not been

characterized. Consequently, Brouwer and coworkers have taken the high-

temperature formation of styrene as indicating that C-R bond scission reac-

tions have very high A-factors along with their high activation energies,

such that they become important at very high temperatures, even though they

are unimportant at lover temperatures. Because of the general implications

of this conclusion for high-temperature reactions of hydrocarbons, it is

important to test its validity by independent measurementso

The apparently contradictory results cited above cannot be reconciled

easily by invoking crossover at the higher temperature of the shock tube to

a higher A factor, higher activation energy process. That is, even if the

reaction has two accessible channels, a complete change in the reaction

mechanism so that at temperatures below 1200 KO toluene is the major pro-

duct, and at higher temperature, styrene is the only product, would not be

expected. Consistent with this expectation, Tsang has recently determined

the products of sthylbenzene decomposition up to 1300 K in a shock tube and

found styrene as only a minor product. 8  En order to fully resolve remain-

ing uncertainties about competing pathways we have studied the reaction by

a technique which makes accessible the full 1200 to 1600 K temperature

range used in the shock tube work of Brouwer et al. 6

* 3
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EXPERIMENTAL

The technique used in this work, lasaer-powered-homogeneous-pyrolysis

(LPP), is a modification of the technique first described by Shaub and bauer 9

in which an infrared laser is used to heat an absorbing but unreactive Sas,

which then collisionally transfers its energy to the substrate. The modifice-

tion of the method usedl 0 here incorporates a heated flow system and a pulsed

infrared laser (Lumonics 1-103). The heated flow system makes the technique

suitable for study of substrates with very low room temperature vapor pres-

sure. The use of a laser, which is repeatedly pulsed for very short periods,

and the rapid expansion wave-coolinS, which takes place after each pulse,

helps to mininise secondary reactions. Scheme I shows the LPHP flow system. 1 0

A slow flow of 816 (infrared absorber), CO2 (inert collider), cyclohexene

(tmperature standard), cyclopentane (radical scavenger) and substrate were

passed through the reactor, a gas chromatographic sampling valve, a needle

valve and into a vacuum pump. The reactor and the flow line were heated to

313 K to avoid condensation problems. Flow was maintained at the desired

level by adjusting the first needle valve, and total pressure was maintained

at 110 Torr by adjusting the second needle valve. A small portion of the cell

was irradiated with the P20 line - 10.6 4m of a Lumonics K-103 CO2 laser

(duration I •s) at a constant repetition rate (0.25 Rs) until a new steady

state of product and undecomposed substrate was attained (Scheme 2). The cell

had KC1 window to transmit the IR radiation, a 1.2 cm2 laser aperture to

define the heated volume and a rear reflecting mirror to maintain axial

4I
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temperature homogeneity while absorbing aproximately 20X of the incident lager

radiation in a single pass. The reaction temperature was controlled by

decreasing the IR radiation energy and the $76 content of the gas mixture.

The flow time and irradiation frequency provided at least 20 laser shots

during the average lifetime of a substrate molecule in the cell and assured

complete gas mixing between shots. In all the experiments the products have

been identified by using a GC equipped with a mass selective detector

(Hewlett-Packard models 5880 A and 5970 A) and the average concentratiou of

reactant and products were measured gas chromatographically using a 7ID

detector,

Measurement of the temperature corresponding to any particular measure-

mont of k or 2 decomposition of the ethylbenxene is accomplished by the

concurrent determination of the fractional decomposition of a temperature

standard. Cyclohexene was chosen as a temperature standard to measure the

temperature dependence of the ethylbentene decomposition because of its well

known kinetic parameters, the stable products it forms and because its

I activation energy is close to the activation ensrgy of the substrate. 9

Under "steady-state," laser on conditions the decrease in average concen-

" tration of a substrate A during any single laser shot equals the replenishment

(by flow) of A before the next laser shot. This leads to equation
An ) V

where k is the first order rate constant describing disappearance of A, Tr iN the

reaction time (10 Pe) following each laser pulse, T is the time between laser

pulse (4 s), ¶f is the flow lifetime in the reaction cell (typically 200 a),

VT and are the total and laser heated cell voltmes and A and are the

laser-off and laser-on steady state concentration, respectively.

me
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The degree of falloff for cyclohexene was estimaitcd using RR1X} calcula-

tions based on a vibrational transition state and a collision effi.'1icy of P

- 0.1. This resulted in Arrhenius parameters under the LPHP conditions of L.6

kunt (sec"l) * 14.3 - 61.9/OlT (versus log V.(seC") 1 15.15 - 66.6/9RT).

RESULTS AND DISCUSSION

The final products of the pyrolysis of ethylbenzuen, without an added

radical scavenger and under LPHP conditions that provided up to 70 X decompo-

sition of the substrate, are toluene, benzene, ethylene, styrene, and methane

(figure 1). In order to supress the chain decomposition and determine

whether styrene formation results from the following reactiones

CH3 + *CH2CH3 * CN4 + OCRCH3  (4)

I CHCH 3 * OCRCH2 + H (5)
U +0CU2 CU3 -+ H2 + 0CflCH3  (6)

0CH2 + @CH 2CH3 + OCH3 + OCHC1l 3  (7)

or from another set of reactions (i.e., the C-H homolysis invoked by Brouwer

et al.), we ran a series of experiments with different amounts of cyclopentane

added as inhibitors. Under these conditions, styrene and the low molecular-

weight hydrocarbons formed by degradation of the aromatic ring decreased sub-

stantially compared with the above experiments, and toluene and benzene

increased to 90-952 of the final aromatic products (Figures 2 and 3). The

product distributions resulting from the decomposition of ethylbenzene in the

S6
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presence of varying amounts of radical scavenger at diff 'etAt temperatures are

summarized in Table 1.

Although styrene appeared as a ftnel p-oduct only in very small

amotri'q at difleront t*,mperxtuoLs when a scavenger was present, the ques-

tion of its thermal stability and its possible reactions under the experi-

mental conditions had to be addressed. Accordingly, styrene decomposition

was studied under the same conditions of temperature and scavenger as had

been used with ethylbencene, and the results are presented in Table 2. We

are not able at this time, because of the many possible reactions that can

take place at this high temperature, to definitively state whether the sty-

ren* decomposition results primarily from displacement by hydrogen atoms or

by another mechanism. The experiments with styrene were performed merely

to provide a rough measure of the extent to which initially formed styrene
would be consumed under the experimental conditions of the ethylbensene

pyrolysis. The amounts of styrene shown In Table I have been adjusted for

this consumption in secondary reactions in order to reflect total styrene

production.

. lBased on the above results, we are forced to conclude that even above

1250 K, the first step of the thermal decomposition of ethylbenmene is the

breaking of the weakest C-C bond, to give bensyl- and methyl- radicals

(reaction 1). This is followed by the reactions of these radicals with the

scavenger (when it is present) or with the substrate. Since in the pre-

sence of a fifty-fold excess of inhibitor, styrene formation is almost

7
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completely supressed, its formation Is entirely consistent with the well

known met of reactions 4-6:

"CR3 + .e C•2CH3 + CH4 + 0CKCW3  (4)

OCHCH 3 * u + cOCRu2  (5)

H + 0 C 2C l 3  OCRCR5+ H2  (6)

OC82 +OCW2 CH3 + OCR3 + GCRCr 3  (7)

s + eCR2c 3 * sR + *CR-cH 3  (8)

Thus our results, in agreement with those of megi airnd covorkers, 7 do not

Justify the invoking of unusually high A-factors for C-S bond scission. We

find this reassuring in that the obvious transition-state picture is that

the entropy of activation for C-H scission cannot easily be more positive

than for scission of larger frageents.

The presence of bensene can be attributed to several reactions in the

framevork of the complex chemistry which occur during ethylbensene decompo-

sition at such high temperatures. It is most probably formed as a result

of the R atom induced decomposition of toluene or ethylbensene, and in fact

provides another indicator (in addition to styrene formation) that radical

"scavenging is not complete.

We emphasize it was not our purpose to determine precisely the rate

parameters of the ethylbensene pyrolysis, but to determine the product

yields under well defined condition between 1200 to 1600 K. This means

that we carried out the experiments unsder conditions of very high free-

tional decomposition that are not suited for accurate determination of the

rate constant or the effective reaction temperature. However, from our

results we are able to make some comments about the relative rate constants

8
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for a C-9 and C-C bond homolysis. In fact, the data set an upper limit to

the ratio of C-H to C-C bond breaking (klt/ k1 ). If we assume that all

styrene comes from the C-R bond homolysie, and that at the highest levels

of scavenger, the R atom produced In reaction5 were prevented from propa-

gating a chain, then the rate ratio would be given by the styrene/toluene

ratio. This value of klt/k1 (" 0.06 at 1470 K) ii an upper limit In that

the chain length might be greater than 1, and in that the pool of allyl

radicals in equilibrium with biallyl will be significant at temperatures in

the 1300 K range. The letter factor will unavoidally result in the produc-

tion of a significant amount of styrene via reactions (8) and (5). in

fact, an estimate, based on equilibrium data in the literstures, 1 1 of

CR2 -CRCR2' + OCH 2CH3 * CH20CRCII2-R + OClCR3  (8)

the allyl radical concentration in equilibrium with the biallyl accumulated

at 502 ethylbensene decomposition accounts for a significant part of the

observed styrene production. This illustrates the fact that effective rad-

ical scavenging becomes Inherently more difficult with Increasing temper-

ature. Since the scavenger operates by converting a more reactive radical

to a less reactive radical 8g (that Is, a radical that forms weaker bonds

to hydrogen and carbon), and since the termination reaction then becomes

dimerisation of the scavenger radicals, it is unavoidable that the weaker

"as an abstractor that a scavenger radical S" is, the higher will be the

concentration of So in equilibrium with the termination product 92 . The

"above estimate of styrene production initiated by scavenger radicals, if

taken at face value, allows us to decrease the upper limit of the C-Ri to

C-C bond scission ratio to 0.03.

9
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This conclusion is amplified and indicated to be conservative if we

use RXD theory to calculate the rate constants for the two channel thermal

decomposition of ethylbenene. When we use the known heats of formation

for the radicals and corresponding reductions in vibrational frequencies

for the complex in each of the two transition states, we obtain a value

close to the known rate constant for the C-C bond homolysis path but a very

much smaller rate constant for the C-H bond breaking (more than 101.5). In

order to reproduce Brouwer's results we had to assume not only a very much

looser transition state for the C-H channel, but also had to reduce by 10

keal the reported heat of formation of the OCH-CH3 . For the C-C channel,

we had to assume a very tight transition state and we had to increase by 10

kcal the known heat of formation of the radical formed in that reaction

(•0C2 ). in other words, to reproduce Brouwer's reported'observation of

styrene as the sole product, we had to assume wholly inconsistent transi-

tion state models for two rather similar bond scission processes. This

involves a much looser transition state for C-R bond scission than for C-C

bond scission, and relative DDE values 20 kcal/mol different than the

accepted literature values.1 1 The unreasonableness of these requirements

Is entirely consistent with our experimental observation that no styrene is

produced by C-H bond homolysi.
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Table 1

PRODUCTS YIELDS IN ETHMBEKNZENE PYROLYSIS WITHOUT SCAVENGER

C2 + cH1 2  nzehne Toluene styrene

64.4 9.5 25.7 15.3

91.8 12.9 31.0 12.4

246.3 12.9 17.7 4.6

PRODUCTS YIELD IN THE INHRBITED REACTION*

OET/SH - 1/10

T Bensene Toluene Styrene

1470 9.4 13.1 2.2

1480 11.6 17.1 2.7

>1500 26.0 34.5 12.8

>1500 19.1 36.9 15.6

§ET/SB H 1/100

1250 1.7 5.6

1370 6.2 10.2 0.8 0.93

1370 5.9 9.9 0.8 0.93

1380 6.9 13.9 0.8 0.93

1470 13.0 22.6 1.2 1.S3

>1500 40.4 25.6 4.4 6.73

>1500 42.7 19.8 4.1 6.33

>1500 52.5 22.8 16.3 9.73

1 Molar yield expressed as Z of ethylbenzene initial.
2r(Cl + C2 ) formed from degradation of the aromatic ring. Note that for 1002
decomposition, the sum of yields can be >2002 even vithout ring degradation.

3Styrene formation corrected for decomposition in secondary reactions.

12



Table 2

PM DUCTS YIZLDS IN THE INRIBITED DECOMPOSITION O STYRENE

Styrene/SR 1/100

T Bensene Toluene

1320 5.1 0.55

1330 3.4 1.8

1340 7.0 2.1

>1500 46.0 6.5

*Molar yield expressed as 2 of styrene Initial.
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SUBSTRATE CONCENTRATION AS A FUNCTION OF TIME
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FIGURE 1 GC OF EThVLKNIRZMI AND OF THU PROMICTS OF EMhYLIINZENU
kDUOdI$OS?1N WITh@MT SCAWINUR (M0 RUCTION)
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FIGURE 3 GC OF THE PYROLYSIS PRODUCTS op ETHYAKsIezaw WITH
'I SCAVENGgR/SUSE7RATE m 100 AT 1500 K, ILLUITRATING

Exrrnsivi SCAVENGER DECOMPOSITION AND INCREASED
BKNZENE PRODUCTION VIA A-ATOM DISPLACEMENT AT
HiGH TEMPERATURES AND LaRs SCAvENGER Exclaims.
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